We earlier identified the GTPBP1 gene which encodes a putative GTPase structurally related to peptidyl elongation factors. This finding was the result of a search for genes, the expression of which is induced by interferon-␥ in a macrophage cell line, THP-1. In the current study, we probed the expressed sequence tag database with the deduced amino acid sequence of GTPBP1 to search for partial cDNA clones homologous to GTPBP1. We used one of the partial cDNA clones to screen a mouse brain cDNA library and identified a novel gene, mouse GTPBP2, encoding a protein consisting of 582 amino acids and carrying GTPbinding motifs. The deduced amino acid sequence of mouse GTPBP2 revealed 44.2% similarity to mouse GTPBP1. We also cloned a human homologue of this gene from a cDNA library of the human T cell line, Jurkat. GTPBP2 protein was found highly conserved between human and mouse (over 99% identical), thereby suggesting a fundamental role of this molecule across species. On Northern blot analysis of various mouse tissues, GTPBP2 mRNA was detected in brain, thymus, kidney and skeletal muscle, but was scarce in liver. Level of expression of GTPBP2 mRNA was enhanced by interferon-␥ in THP-1 cells, HeLa cells, and thioglycollate-elicited mouse peritoneal macrophages. In addition, we determined the chromosomal localization of GTPBP1 and GTPBP2 genes in human and mouse. The GTPBP1 gene was mapped to mouse chromosome 15, region E3, and human chromosome 22q12-13.1, while the GTPBP2 gene is located in mouse chromosome 17, region C-D, and human chromosome 6p21-12.
The GTPase superfamily is composed of many members characterized by conserved GTP-binding motifs (1) . It is well established that GTPases are involved in various cellular functions, including control of cell proliferation and differentiation, intracellular transportation, regulation of cytoskeleton, and protein synthesis.
Interferon-␥ (IFN-␥) is a key monocyte/macrophageactivating cytokine (2) (3) (4) (5) . The human monocytic leukemia cell line, THP-1, maintains characteristics of monocytes in vitro (6) . Upon stimulation by IFN-␥, THP-1 cells express a number of genes associated with the antigen-presenting function of macrophages, including HLA class II, CD74 (MHC class II-associated invariant chain), and IL-1␤ (7, 8 , and our unpublished observation). To identify genes the expression levels of which are upregulated by IFN-␥ in macrophages, we earlier carried out PCR-based cDNA subtraction and subsequent differential display on mRNA isolated from IFN-␥-treated and untreated THP-1 cells, a human monocytic cell line. We found a novel gene encoding a protein bearing GTP-binding motifs, and we designated this gene GP-1 (9) . We later renamed the gene GTPBP1, according to the recommendation by the Human Gene Nomenclature Committee. GTPBP1 is highly conserved between human and mouse (97% identical over the entire protein). Expression of the gene is observed in various mouse tissues, including brain and thymus as well as activated macrophages. The amino acid sequence of GTPBP1 is similar to a putative GTP-binding proteins of nematodes, AGP-1 and CGP-1 (10) , and amino acid sequences of GTPbinding motifs of GTPBP1 are practically identical with those of AGP-1 and CGP-1, hence, we presumed a evolutionary conserved GTPase subfamily, the GP-1 family.
In the current study, we did a similarity search on EST (expressed sequence tags) databases, using the amino acid sequence of GTPBP1 as a query, and we identified a novel gene encoding another putative GTPbinding protein, GTPBP2, with 44.2% sequence similarity to GTPBP1, at the amino acid level. GTPBP2 is also highly conserved between human and mouse (99% identical over the entire protein).
MATERIALS AND METHODS
Similarity search against EST database. The amino acid sequence deduced from mouse GTPBP1 cDNA was used as a query to perform TBLASTN (protein query versus nucleotide database) search against the National Center for Biotechnology Information data bank of IMAGE Consortium (Lawrence Livermore National Laboratory) expressed sequence tag (EST) database. The corresponding IMAGE Consortium clones were purchased from Research Genetics, Inc.
Screening of cDNA libraries and DNA sequence analysis.
A mouse brain cDNA library in ZAPII (Stratagene) prepared by Yasunami et al. (11) and a cDNA library of a human T cell line, Jurkat (Stratagene), were screened by plaque hybridization under highstringency conditions, in accordance with standard procedures. A 1120-bp EcoRI-Stu DNA fragment and a 1740-bp NcoI-NcoI fragment isolated from IMAGE Consortium clone 319790 were used as probes to screen GTPBP1 homologous genes in mouse and human cDNA libraries, respectively. cDNA clones in the phagemid vector, pBluescript II SK (Ϫ) (Stratagene), were excised from phage clones using ExAssist helper phage (Stratagene), and subsequently subjected to DNA sequence analysis. Sequencing reaction was performed using Dye Primer Cycle Sequencing FS kits with T7, SP6, Ϫ21M13 or M13 reverse primer (Perkin-Elmer Applied Biosystems) or BigDye Terminator Cycle Sequencing FS kit (Perkin-Elmer Applied Biosystems). Samples were analyzed on the Perkin-Elmer Applied Biosystems model ABI PRISM 377 DNA sequencer.
Preparation and culture of cells. Human monocytic cell line, THP-1, and the human T cell line, Jurkat, were cultured in RPMI 1640 medium supplemented with 10% fetal calf serum. HeLa cells were cultured in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum. In case of stimulation with IFN-␥, cells were cultured for 48 h in medium containing recombinant human IFN-␥ (1000 U/ml for THP-1 and 500 U/ml for Jurkat and HeLa).
Activated macrophages were taken from the peritoneal cavity of female C57BL/6 mice 4 days after giving an intraperitoneal injection of 2 ml of Brewer's thioglycollate solution (4.05% w/v, Difco Detroit, MI). Specific pathogen-free mice at 6 to 8 weeks of age were used. Macrophages were obtained by vigorous lavage of the peritoneal cavity, using phosphate-buffered saline (PBS) containing 10 U/ml heparin. Harvested cells were suspended in RPMI 1640 medium and left to adhere for 2 h in 35 ϫ 15 mm tissue culture dishes at 37°C. Non-adherent cells were then removed by vigorous washing of the dishes with PBS. Adherent macrophages were treated with recombinant mouse IFN-␥ at a final concentration of 0, 20 or 200 U/ml for 24 h in complete medium.
Northern blot analysis. Total cellular RNA was extracted using the acid guanidinium thiocyanate-phenol-chloroform method (12) . Total cellular RNA was electrophoresed in 1.2% agarose gels containing formaldehyde and transferred onto Nylon membranes (Hybond N ϩ , Amersham). Membranes were hybridized with 32 P-labeled DNA probes. Hybridization signal was detected by autoradiography.
Reverse transcription-polymerase chain reaction (RT-PCR).
SuperScript Preamplification System (GIBCO BRL) was used for cDNA synthesis. The following two pairs of primers corresponding to the sequence of the mouse GTPBP2 cDNA were used for PCR: Macrophage-A primers 5Ј-GAAGGAACAGAGGAGGTAAAGCCA-3Ј and 5Ј-CTGACCACGATGAAGAAGGGCA-3Ј; Macrophage-B primers 5Ј-AAATACCTGCACACCACCATCT-3Ј and 5Ј-GACACCTCT-CCAGAAGTGTGGCA-3Ј. The PCR conditions were 5 min at 94°C followed by 32 cycles of 94°C for 1 min, 62°C for 1 min, and 72°C for 1 min 30 s. Chain elongation was continued for 7 min after the last cycle. The PCR products from Macrophage-A and Macrophage-B primers were 811 and 1161 bp, respectively. These products overlapped in 152 bp.
5Ј-rapid amplification of cDNA ends (RACE). 5Ј RACE System for Rapid Amplification of cDNA Ends Reagent Assembly, Version 2.0 (GIBCO BRL) was used. Nested primers were used to enhance specificity. The 5Ј-RACE product was detected after primary and secondary amplifications.
Chromosomal assignment by fluorescence in situ hybridization (FISH).
The mouse GTPBP1 and GTPBP2 loci were determined by FISH. Mouse chromosomes were prepared according to the published procedure (13) . A 7.0-kb genomic DNA fragment of GTPBP1 and a 1.1-kb cDNA fragment of GTPBP2 were used as probes. The procedure for FISH detection was as described (14, 15) . FISH signals and the 4Ј,6-diamidino-2-phenylindole (DAPI) banding pattern were separately photographed, and assignment of FISH mapping data with chromosomal bands was done by superimposing FISH signals with DAPI banded chromosomes.
Chromosomal assignment by radiation hybrid mapping. Radiation hybrid mapping was done to determine the human GTPBP1 and GTPBP2 loci with the GeneBridge 4 Radiation Hybrid Panel with 93 human/hamster radiation hybrid clones (16, Research Genetics, Inc.). The following two pairs of primers from the GTPBP1 cDNA and the GTPBP2 cDNA sequence were tested with human and hamster genomic DNA template and were found to be suitable for use as sequence-tagged site (STS) markers (17): primers for GTPBP1; 5Ј-CTGGTGGGCCAGCAGTAGGAG-3Ј and 5Ј-GGCTTAGGCTGAGG-CTGGAGATTG-3Ј: primers for GTPBP2; 5Ј-GCAAAGGCTTGGC-ATATACCAAAG-3Ј and 5Ј-CTTAGCCAACAAATCCCTGAGTCC-3Ј. The PCR conditions for both primer pairs were 5 min at 94°C followed by 32 cycles of 94°C for 1 min, 62°C for 1 min, and 72°C for 1 min 30 s. Chain elongation was continued for 7 min after the last cycle. For analysis, we sent the results to the Radiation Hybrid server at the Whitehead Institute/MIT Center for Genome Research (http://www-genome.wi.mit.edu/cgi-bin/contig/rhmapper.pl).
RESULTS

Identification of human and mouse GTPBP2.
To identify genes homologous to GTPBP1, we used deduced amino acid sequence of mouse GTPBP1 for the TBLASTN search against IMAGE Consortium EST database. We found that five EST clones (GenBank Accession Nos. W50282(mouse), W75714(mouse), AA153665(mouse), W00643(human), R14716(human)) (IMAGE Consortium Clone ID 319790, 390906, 583037, 279023 and 30180, respectively) were similar to but different from human and mouse GTPBP1. We used a 1120-bp EcoRI-StuI DNA fragment isolated from clone 319790 as a probe to screen a mouse brain cDNA library. This screening resulted in isolation of five cDNA clones which were divided into two groups, based on the restriction mapping analysis. Three clones belonged to one type (designated as group A), and two belonged to the other type (designated as group B). We selected two cDNA clones, clone 31-3 from group A and clone 82-3 from group B, and sequenced them. Clone 82-3 is 2885 nucleotides in length, contained an open reading frame (ORF) encoding a protein of 582 amino acids with a predicted molecular mass of 63,775 Da. As shown in Fig. 1 , the sequence contained two possible initiation methionines for translation. The sequence adjacent to the second ATG (nucleotides 75-77) matched the Kozak consensus sequence for translation initiation, where purine in position Ϫ3 is preferred (18) , whereas the first ATG (nucleotides 15-17) did not match. Therefore, we assigned the second ATG to the tentative translation initiation codon. The termination codon, nucleotide residues 1821-1823, is followed by a 1062-nucleotide 3Ј-untranslated sequence that includes a poly(A) tract. One polyadenylation signal (AATAAA) (19) was located 14 nucleotides upstream from the poly(A) tract. As described below, the encoded protein possesses four GTP-binding motifs similar to those of GTPBP1, and we designated the molecule GTPBP2. Clone 31-3 is identical to clone 82-3 except for the 148-base insertion at the position corresponding to nucleotide 860 of clone 82-3. The insertion contains an in-frame stop codon, indicating that the clone 31-3 encodes the truncated form of the protein (data not shown).
To investigate the physiologically expressed form of GTPBP2 mRNA, we designed two pairs of PCR primers based on the sequence of GTPBP2 and carried out RT-PCR on mRNA of IFN-␥-treated mouse peritoneal macrophages. Size of the PCR products corresponded to clone 82-3 and nucleotide sequences of the products are identical to that of 82-3. On the other hand, in RT-PCR analysis on mRNA isolated from mouse brain and thymus, there were two types of PCR products corresponding to either clone 82-3 or 31-3 (data not shown), which suggested tissue-specific alternative splicing of this gene.
To obtain the human homologue of GTPBP2, we screened a cDNA library of the human T cell line, Jurkat, using as a probe a 1740-bp NcoI-NcoI DNA fragment isolated from the IMAGE clone 319790. This screening yielded 65 clones. We selected one clone named 14-6, containing the longest insert, and sequenced the clone. Clone 14-6 had 2810 nucleotides, contained an ORF encoding a protein similar to mouse GTPBP2 (Fig. 1) . However, the region corresponding to the 5Ј-end of mouse GTPBP2, including the tentative initiation codon, was not present in this clone, i.e., this clone did not have the 5Ј-end of open reading frame. We attempted to obtain an additional 5Ј-end sequence of the cDNA, using 5Ј-RACE and cap site hunting with human thymus cap site cDNA (Nippon Gene, Toyama, Japan). Unfortunately, we could not obtain the sequence of the 5Ј-end of the cDNA by these methods. The termination codon, located at nucleotide residues 1688 -1690, is followed by a 1120-nucleotide 3Ј-untranslated sequence.
Primary structure of GTPBP2 and comparison to other GTPases. Deduced sequence of GTPBP2 protein has four GTP-binding motifs, G-1 to G-4, conserved in almost all members of GTPase superfamily (Figs. 1 and 2) (1). GTP-binding motifs of GTPBP2 have the closest identity to those of GTPBP1, among known GTPases. The GTP-binding motifs of GTPBP1 and GTPBP2 share some characteristics with EF families (EF1␣ and GST1 are shown in Fig. 2) , i.e., valine at the eighth residue of G-1 and histidine at the ninth residue of G-3 (1) . Figure 3 shows a comparison of the entire amino acid sequences of GTPBP1 and GTPBP2 of human and mouse, and also nematode proteins, AGP-1 and CGP-1 (10). Several portions highly conserved among these six proteins exist not only in the amino-terminal, GTPbinding domain, but also in the carboxy terminal domain, presumably an effector domain. GTP-binding motifs of mammalian GTPBP1, AGP, and CGP1 are almost identical; among them at most 3 of 49 residues differ, as shown in Fig. 2 . On the other hand, GTPbinding motifs of human and mouse GTPBP2 do differ; 9 and 10 amino acid differences between GTPBP1 and human GTPBP2 and between GTPBP1 and mouse GTPBP2, respectively. There is some distance between GTPBP2 and the other four proteins, when the total amino acid sequences were compared (Figs. 3 and 4) . EF1␣ and GST1 have the closest homology with GTPBP1 and GTPBP2, in comparison with entire amino acid sequences as well as GTP-binding motifs (Fig. 4) .
Expression of GTPBP2 mRNA in various mouse tissues and of GTPBP1 and GTPBP2 mRNA in several cultured cell lines. Northern blot analysis was done to determine the basal level expression of GTPBP2 transcripts in various mouse tissues (Fig. 5) . GTPBP2 transcripts, about 3.0 kb in length, were evident in brain, thymus, kidney, and skeletal muscle. The amount of GTPBP2 mRNA was less in the lung and spleen. GTPBP2 mRNA was scarcely expressed in the mouse liver. The expression patterns of GTPBP2 in mouse tissues are similar to those reported for GTPBP1 (9) .
We reported earlier that expression of GTPBP1 is enhanced by IFN-␥ in THP-1, a human monocytic leukemia cell line (9) . We found that transcription of GTPBP2 gene was also upregulated by IFN-␥ in THP-1 (Fig. 6A ). This upregulated expression was also observed in thioglycolate-elicited mouse peritoneal macrophages (Figs. 6B and 6C) . Therefore, expression of GTPBP1 and GTPBP2 is enhanced by IFN-␥ not only in a leukemic cell line but also in physiological macrophages.
We analyzed the expression of GTPBP1 and GTPBP2 in human cell lines, HeLa and Jurkat, in the presence or absence of recombinant human IFN-␥. Whereas GTPBP1 was not expressed in either HeLa cells or Jurkat cells even after stimulation with IFN-␥ (Fig. 6D) , GTPBP2 was expressed in both cell lines regardless of the presence of IFN-␥ (Fig. 6E) . In addition, the expression of GTPBP2 was enhanced by IFN-␥ in HeLa cells. These results suggest some differences in transcriptional regulation between GTPBP1 and GTPBP2, although expression patterns of GTPBP1 and GTPBP2 analyzed at organ levels are similar.
Chromosomal location of the GTPBP1 and GTPBP2
genes. The mouse GTPBP1 and GTPBP2 genes were mapped on mouse metaphase chromosomes, using FISH. Under the conditions used, hybridization efficiencies of GTPBP1 and GTPBP2 were 91% and 63% for the probes (among 100 checked mitotic figures, 91 and 63 showed signals on one pair of the chromosomes), respectively. DAPI banding was used to identify the specific chromosome, and the assignments between signals from probes and the mouse chromosome 15 and 17 were obtained in GTPBP1 and GTPBP2, respectively. An example of the mapping results is presented in Fig. 7A and Fig. 7B . The position was further determined based on findings on 10 photos each. The mouse GTPBP1 gene located at chromosome 15, region E3, and the GTPBP2 gene located on chromosome 17, region C-D.
Using a radiation hybrid mapping panel (GeneBridge 4), we analyzed the chromosomal location of human GTPBP1 and GTPBP2 genes, using PCR primers described under Materials and Methods. The human GTPBP1 gene was mapped to chromosome 22, 6 .51 cR (approximately 3.7 cR/Mb) from the STS marker, WI-3637 (Fig. 7C) . The locus is between STS markers SGC30938 (PVALB, parvalbumin) and WI-8985 (PDGFB, platelet derived growth factor ␤ polypeptide). PVALB has been cytogenetically mapped to the human chromosome 22q12-13 (20) , and PDGFB to human chromosome 22q12.3-13.1 (21, 22) or 22q13.1 (21, 23) . The evolutionary conservation of the E region of mouse chromosome 15 and human chromosome 22q11-13 has been previously suggested, based on a comparative mapping of these genes (24, 25) , such being consistent with the result of FISH mapping of the mouse GTPBP1 gene.
Using the same radiation hybrid mapping panel, we assigned the human GTPBP2 gene to chromosome 6, placing it 2.22 cR (approximately 3.7 cR/Mb) from the WI-6092 (Fig. 7D) . The locus is close (within 0.51 cR) to the vascular endothelial growth factor gene (VEGF, SGC32834), cytogenetically mapped to 6p12 (26) or 6p21.1-p12.2 (27) . The other markers indicated in Fig.  7D , D6S459 (PTK7, protein tyrosine kinase 7) and D6S452 (TPX1, testis-specific protein 1) were mapped to human chromosome 6p21.1-p12.2 (28) and 6p21-qter (29), respectively. Mouse Vegf and Tpx-1 have been mapped to a part of chromosome 17 (30, 31) , a region syntenic to the human chromosome 6p21-12. Therefore, the mapping data of human GTPBP2 gene is also consistent with results of FISH mapping of the mouse GTPBP2 gene.
FIG. 2.
Comparison of the deduced amino acid sequences of GTP-binding motifs, G-1 to G-4, of GP-1 family and other members of GTPase superfamily. Amino acids are indicated in single-letter code. Dashes indicate amino acids identical to human GTPBP1. The numbers on both sides of the amino acid sequences indicate positions of amino-and carboxyl-terminal amino acids of each motif. In consensus sequences, X indicates any amino acid, whereas O and J represent, respectively, hydrophobic and hydrophilic residues, and doubly underlined amino acids indicate residues conserved in nearly all GTPases. Sources of amino acid sequences are as follows: human and mouse GTPBP1 (9), AGP-1 and CGP-1 (10), human EF1␣ (37), human GST1 (38) , human H/K/N-RAS (39 -41), human Gs␣ (42).
FIG. 3.
Alignment of the deduced amino acid sequences of the six members of the GP-1 family. AGP-1 of Ascaris suum and CGP-1 of C. elegans were reported by Huang et al. (10) . Sequences of human and mouse GTPBP1 were reported by Senju and Nishimura (9) . The alignment was prepared using a multiple sequence alignment program, Clustal W (43). Black shading indicates identical amino acids, and gray shading indicates similar amino acids. Dashes indicate gaps in the sequences for the best alignment. GTP-binding motifs, G1-G4, are indicated above the alignment.
DISCUSSION
The homology between mouse and human GTPBP2, in the identified open reading frames, is 92.8% and 99.1% at DNA and protein levels, respectively. This high degree of conservation strongly suggests that this molecule plays a fundamental role across species. In total amino acid sequence, the homology between mouse GTPBP1 and GTPBP2 is 44.2% (257/582), whereas the homology between mouse GTPBP1 and CGP-1 of C. elegans (10) is 47.5% (277/583). On the other hand, homology between mouse GTPBP2 and CGP-1 is 36.4% (212/582). Therefore, CGP-1 may be a C. elegans counterpart of mammalian GTPBP1 but not that of GTPBP2. In our BLAST search against DNA databases, including entire genome sequences of C. elegans (32), we found that there is no sequence more similar to mammalian GTPBP2 than to GTPBP1 in C. elegans, indicating the absence of a GTPBP2 counterpart in C. elegans.
As shown in the similarity tree (Fig. 4) , GTPBP1, AGP-1, CGP-1 and GTPBP2 can be categorized as an unique group in the GTPase super family. We propose to designate them the GP-1 family. As a result of sim-
FIG. 4.
Similarity tree of GTPase super family. This tree was constructed using the randomized iterative refinement method (44) and UPGMA using total amino acid sequences. Amino acid sequences were cited as indicated in the legend for ilarity search against EST databases, using as queries amino acid sequences of GTPBP1 and GTPBP2, we found that presumable members of GP-1 family exist in Zebrafish (GenBank Accession No. AI436986) and Drosophila melanogaster (GenBank Accession No. AA949198). On the other hand, no sequences more similar to GTPBP1 family than to EFs were found in yeast and prokaryotes. Therefore it is suggested that function of the GP-1 family is essential for and unique to multicellular organisms. Among members of the GTPase superfamily shown in Fig. 4 , MXB and GBP1 are also known as interferon-inducible proteins (33, 34) . However, GTPBP1 and GTPBP2 are not structurally similar to either of them.
The GP-1 family is closest to EFs, among the GTPases not only in GTP-binding motifs but also in entire amino acid sequences (Figs. 2 and 4) . EFs play key roles in protein synthesis, and are structurally and functionally conserved in both prokaryotes and eukaryotes. EF1␣ is known to be also involved in the regulation of actin filaments and microtubules (35, 36) . For several GTPases including EFs, the carboxylterminal half of molecules were seen to function as ligand-associating or effector domains (1) . There are several highly conserved portions in carboxyl-terminal domain among the members of the GP-1 family (Fig. 3) , suggesting that they function in interactions with other molecules.
Members of this family probably have conserved and previously undescribed functions. Preliminary immunohistochemical experiments showed that both GTPBP1 and GTPBP2 are expressed in neurons in . These maps were retrieved from the experimental mapping server of the Whitehead Institute (www-genome.wi.mit.edu/cgi-bin/contig/rhmapper.pl), with which markers characterized in this study were analyzed. Distances are expressed in centirays, and the markers indicated by bold phased letters are described in the text.
brain and in smooth muscles, in addition to their presence in activated macrophages. To directly assess the functional significance of GTPBP1 and GTPBP2, gene targeted mice experiments are underway.
